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Abstract Globally, rivers deliver significant quantities of nitrogen (N) and phosphorus (P) to the coastal
ocean each year. Currently, there are no viable estimates of how much of this N and P escapes
biogeochemical processing on the shelf to be exported to the open ocean; most models of N and P cycling
assume that either all or none of the riverine nutrients reach the open ocean. We address this problem by
using a simple mechanistic model of how a low-salinity plume behaves outside an estuary mouth. The model
results in a global map of riverine water residence times on the shelf, typically a few weeks at low latitudes
and up to a year at higher latitudes, which agrees well with observations. We combine the map of plume
residence times on the shelf with empirical relationships that link residence time to the proportions of
dissolved inorganic N (DIN) and P (DIP) exported and use a database of riverine nutrient loads to estimate the
global distribution of riverine DIN and DIP supplied to the open ocean. We estimate that 75% of DIN and 80%
of DIP reaches the open ocean. Ignoring processing within estuaries yields annual totals of 17 Tg DIN and
1.2Tg DIP reaching the open ocean. For DIN this supply is about 50% of that supplied via atmospheric
deposition, with significant east-west contrasts across the main ocean basins. The main sources of
uncertainty are exchange rates across the shelf break and the empirical relationships between nutrient
processing and plume residence time.

1. Introduction

Rivers are the primary conduit transporting weathered, leached, and human-derived material from land to
the sea. Rivers deliver 300-380 Tg of organic carbon per year to the coastal zone [Seitzinger et al., 2010], along
with important quantities of nitrogen (37-66 Tg total nitrogen yr~ '), phosphorus (4-11 Tg total phosphorus
yr~ ") [Seitzinger et al, 2005; Mayorga et al., 2010; Beusen et al.,, 2016], and silicate (340-380Tg DSi yr™")
[Treguer et al., 1995; Beusen et al., 2009; Frings et al., 2016], which contribute significantly to material balances
of the ocean. Anthropogenic pressures, particularly wastewater discharge and agricultural activity, are driving
significant increases in riverine nutrient loads. The riverine source of reactive N is now about twice the pre-
industrial supply, and P has increased by about a factor 3 [Seitzinger et al., 2010]. Sediment retention behind
dams is expected to reduce riverine supplies of nitrogen [Harrison et al., 2012], phosphorus [Maavara et al.,
2015], and silicate [Laruelle et al., 2009].

Shelf sea ecosystems are affected by these fluvial inputs and in turn modify the biogeochemistry of the open
ocean by retaining, exchanging, or breaking down nutrients and organic carbon. Our understanding and abil-
ity to predict global biogeochemical cycles currently lacks a realistic treatment of the role of shelf seas in mod-
ifying land-derived nutrient and carbon inputs to the open ocean. River point sources and their adjacent shelf
systems are poorly represented, if at all, in global biogeochemical models due to insufficient spatial and pro-
cess resolution. Some budgets of oceanic nutrients assume that all riverine nutrients are retained on the shelf
[Duce et al., 2008; Moore and Doney, 2007]. At the other extreme budgets include riverine inputs with no or
limited consideration of processing on the shelf [Bernard et al.,, 2011; Giraud et al., 2008]. There are global
box models accounting for nutrient processing at the land-ocean interface, but these have no or very limited
geographic resolution [Laruelle et al., 2009; Rabouille et al., 2001]. To some extent, these differences represent
boundary definition issues over whether the coastal oceans are included within the ocean or described sepa-
rately. However, given the very different physical and biogeochemical environments on the shelf and in the
deep ocean and the different societal pressures on these systems, it is appropriate to consider the shelf and
open ocean separately. Shelf sea biogeochemical processes demand much more nutrients than can be sup-
plied by rivers, with the exchange of shelf water with the open ocean involving a supply of deep ocean
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material onto the shelf [e.g., Fennel et al., 2006]. Thus, a more complete picture of global nutrient cycling needs
to quantify both how processes on the continental shelves modify riverine material prior to entry into the
open ocean and how the shelf system receives and transforms material supplied from the ocean. Improved
global models of coastal ocean carbon cycling have begun to be developed [MacKenzie et al., 2000; Regnier
et al., 2013; Bourgeois et al., 2016], but to date, less attention has been focused on nitrogen and phosphorus.

A more accurate picture of the effects of riverine nutrients and organic carbon on global ocean biogeochem-
ical cycling requires an informed understanding of how the efficiency of riverine delivery via the continental
shelf to the open ocean varies geographically. Riverine inputs can be modified significantly within estuaries
and the coastal zone. In the case of phosphorus particle-water exchanges can either enhance or reduce the
flux of dissolved phosphorus into coastal waters [Prastka et al., 1998]. In the case of nitrogen, particularly
nitrate, any estuarine and coastal processes are likely to involve denitrification and hence could systemati-
cally lower riverine inputs. For dissolved organic carbon (DOC), estuaries and coastal waters can be sources
or sinks depending on the roles of phytoplankton production and microbial degradation. These processes
depend on several factors, including the suspended solids regime, the dissolved and particulate nutrient con-
centrations, and processes that reflect catchment and estuarine geography [Statham, 2012]. Our focus here is
on the role of biogeochemical processing in coastal waters outside estuaries, on the continental shelf, in
determining the proportion of riverine dissolved inorganic nitrogen (DIN) and dissolved inorganic phos-
phorus (DIP) that reaches the open ocean. Our approach does not include estuarine processing of N and P,
which is a more difficult problem to address on a global scale. It has been suggested that 30-65% of N
and 10-55% of P is removed inside estuaries before the material reaches the shelf [Nixon et al., 1996].
More recently, Jickells and Weston [2011] have pointed out that estuaries with short residence times will have
less effect on the amount of material reaching the shelf.

In this paper we use the residence time of riverine plume water in shelf systems as a useful determinant of the
fractions of dissolved N and P that are processed on the shelf before they can reach the open ocean [Nixon
et al., 1996; Seitzinger et al., 2006]. We estimate DIN and DIP delivery to the open ocean based on the NEWS 2
database of riverine nutrient loads [Mayorga et al., 2010]. The physical processes that determine residence
times of riverine water on the shelf vary considerably, and with over 6000 rivers in the NEWS database it is
impractical to attempt any detailed assessment of the physical oceanography around each river input to
the shelf. Even limiting such an analysis to the set of rivers responsible for, say, 80% of global N and P delivery
to the continental shelves would entail knowing the physical conditions associated with about 440 (for N)
and 300 (for P) river mouths. Instead, we develop a mechanistic description of plume behavior that uses sim-
ple physical parameters combined with observational estimates of their global variability. This yields an
answer, with an envelope of uncertainty, to the riverine nutrient delivery problem that substantially improves
on the “all” or “none” approaches currently used when modeling the global impacts of riverine nutrient sup-
plies. While we focus on riverine supplies of N and P, our approach is also relevant to other nutrients and
organic carbon and to assessing past and future changes in riverine supplies.

Our method is rooted in the basic physical dynamics of how low-salinity estuarine flows behave on the shelf
and how plume or shelf water is exchanged with the open ocean. To make the problem solvable on a global
scale, we make approximations about the physics of plume behavior and shelf-ocean exchange. We highlight
the areas of uncertainty in these approximations but also demonstrate the robustness of our results. We make
estimates of both the proportions of nutrients reaching the open ocean and their absolute magnitudes,
though without estuarine processing, the latter should be viewed as upper limits, at least for nitrogen. Our
results indicate significant and systematic regional variability in where rivers are able to supply materials to
the open ocean, with important implications for the use of current global riverine nutrient load estimates.
The results provide a method for inclusion of riverine nutrient supplies in global models that are more realis-
tic than simply assuming that either all or none of the riverine dissolved N and P load reaches the open ocean.

2. Methods

The amount of riverine nutrients transported past the shelf break and into the open ocean will depend on the
time available for biogeochemical processing of the nutrients on the shelf [Nixon et al., 1996; Seitzinger et al.,
2006]. This residence time of riverine water on the shelf is dependent on the physical characteristics of low-
salinity plumes on the shelf and by the shelf width (varying from a few tens of kilometers on geologically
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Figure 1. Schematic diagram of the physical framework used to assess plume residence times on the shelf. (a) For a plume with width W, less than the shelf width W;
plume water is assumed to be relatively efficiently mixed into the shelf water. Exchange with the open ocean is limited by the generally weak exchange processes at
the shelf break, taken as a combination of wind-driven Ekman transport (Egx) and other shelf break processes (Egp). (b) For a plume that extends beyond the
shelf break, transport of plume water over the shelf break is taken to be a combination of residual cross-plume flow (vyes), horizontal dispersion through the plume
(Kp), and wind-driven Ekman exchange driving surface water off the shelf.

active coasts associated with subduction zones to several hundreds of kilometers in geologically passive
regions). We first develop a simple mechanistic model of how a plume operates outside the mouth of an estu-
ary. This leads to a global picture of the average time riverine material spends on the shelf before it is trans-
ferred to the open ocean, along with uncertainty estimates of this residence time. We use this knowledge of
residence time, along with empirical relations linking residence time to the proportion of dissolved inorganic
N and P that can be processed in aquatic systems, to yield a global map of the proportions of riverine N and P
that reach the open ocean.

2.1. A Mechanistic Model of Low-Salinity Plumes and Exchange With the Open Ocean

A low-salinity plume of water exiting an estuary and entering the shelf sea will be diverted by the Earth's rota-
tion against the coast to form a buoyancy-driven current. Our method is based on using the cross-shelf width
of this buoyancy current compared to the width of the local continental shelf as a determinant of what pro-
cesses transport riverine material across the shelf break and into the open ocean. The concept, along with
important parameters and definitions, is summarized in the schematic diagram in Figure 1.

The width of a coastal buoyancy current is related to the internal Rossby radius [Narayanan and Garvine, 2002;
Yankovsky and Chapman, 19971. Assuming that the buoyancy current flows as a two-layer, stratified system,
the internal Rossby radius is

R():_ (1)

The Coriolis frequency f = 2wsing (s™"), with o the rotational frequency of the Earth and ¢ latitude, and the
internal wave speed, ¢, is given by
Cc= \/g—’E 2

with h (m) the thickness of the surface layer. The reduced gravity g = gﬁ—f with g gravitational acceleration
(9.81ms™?), p, (kgm~>) the typical shelf water density, and Ap the density contrast between the surface
plume and underlying shelf water (kg m~3). The internal Rossby radius is thus dependent on latitude, as well
as on the local stratification and the vertical extent of the low-salinity plume. At each river mouth we consider
the following question: is the width of the coastal buoyancy current less than or greater than the width of the
shelf? If the buoyancy current extends beyond the shelf break, then we assume that the residence time of
plume water over the shelf is governed by the cross-plume residual flows, wind-driven Ekman transport,
and horizontal dispersion within the buoyancy current. If the buoyancy current is narrower than the shelf,
then we assume that the exchange of plume water with the shelf water is far more effective than the
exchange of shelf water across the shelf break. This often results in a shelf break front, separating water with
lower salinity on the shelf from the open ocean [e.g., Brink, 1998]. Exchange between the shelf and the open
ocean is constrained by the generally weak shelf break processes [e.g., Huthnance, 1995].

We assume that the width of the coastal buoyancy current, W,,, is related to the internal Rossby radius by

W, = aR,,. Calculating an accurate value of R, and a for all rivers in the NEWS database is not possible, so
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Table 1. Parameters Used in the Analysis to Yield Values of a = %
0

Parameter Description Units Source

Ap Density difference between plume water kg m3 Observations (Table 2)
and underlying shelf water

h Vertical extent of the plume surface layer m Observations (Table 2)

1) Latitude degree Observations (Table 2)

f Coriolis parameter s Calculated (see text)

c Internal wave speed ms " Calculated (equation (2))

R; Internal Rossby radius m Calculated (equation (1))

W, Width of a low-salinity plume m Observations (Table 2)

a Scaling factor relating plume width to the internal Rossby radius none Calculated, a = %

Q

instead, we aim to use observations of plumes to provide useful global mean values of ¢ (equation (2)) and a.
We also quantify the variability in c and a which are used to yield uncertainty estimates for our calculations of
DIN and DIP export to the open ocean. Table 1 summarizes the parameters required in our analysis.

This assumption that the buoyancy current width scales with R/O is a key simplification. We will first consider
aspects of plume physics that numerical experiments have shown to have the potential for undermining this
scaling and then draw on observations of river plume widths to demonstrate that the assumption is valid
with some quantifiable uncertainty.

2.1.1. Other Influences on Plume Width

There are aspects of plume physics that can increase the cross-shelf extent of the buoyancy discharge
beyond the constraints imposed via R; [e.g., Horner-Devine et al., 2015]. If these aspects are common and have
a significant effect, they could undermine our method in that a plume that we consider constrained to the
shelf could reach beyond the shelf break. We will consider four such aspects: an initial anticyclonic bulge
in the low-salinity discharge prior to development of the buoyancy current [Nof and Pichevin, 2001], strong
inflow speeds combined with weak stratification at the mouth of the discharge [Yankovsky and Chapman,
1997], plumes that are attached to the seabed rather than confined to a buoyant surface layer [Yankovsky

and Chapman, 19971, and river mouths that are wide compared to R; [Narayanan and Garvine, 2002].

First, theoretical analysis suggests that the alongshore momentum flux in a steady coastal buoyancy current
needsto be balanced by the development of a low-salinity bulge with an anticyclonicrotation at the river mouth
[Nof and Pichevin, 2001]. For the majority of river mouths most of the river discharge then joins the coastal buoy-
ancy current, with a circulation time scale around the initial bulge of about an inertial period (~ 1/f). Numerical
experiments of river discharges at the coast often show such features, with the offshore extent of the bulge
potentially reaching several times farther than the width of the downstream coastal buoyancy current [Fong
and Geyer, 2002]. However, observations of coastal plumes rarely show a bulge [e.g., Garvine, 2001] (but see
Horner-Devine et al. [2009] for an example of an observed bulge) with discharge turning to the right
(Northern Hemisphere) to form the coastal buoyancy current scaled by R/O. The occurrence of the initial bulge
in numericaland laboratory experiments has been ascribed to the lack of ambient coastal flows or surface winds
in models [Fong and Geyer, 2002; Horner-Devine et al., 2015] and also to the simplified coastal and river mouth
geometries used in the model experiments [Garvine, 2001]. In cases where a bulge does occur, the circulation
time scale within the bulge is short compared to the processing time scales of DIN and DIP, and so we still expect
the relevant residence time of riverine DIN and DIP to be determined by the post-bulge buoyancy current.

Next we consider the effect of a strong river flow, with flow out of the river mouth of vand the reduced gravity
in the plume given by g = gA/’/pO. If
V2 >>gh, 3)

i.e, v >> ¢, then the plume extent offshore becomes governed by ¥ /srather than by R’O = ¢/¢[Yankovsky and
Chapman, 1997]. The outflow current at the river mouth can be estimated by applying a steady state salt bal-
ance (the Knudsen relation [Knudsen, 1900]) with the river discharge, Q (m*s™"), through the mouth cross-
sectional area, A (m?). The flow out of the river is then

S()Q
V=— 4
ASA @
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Table 2. Plume Parameters for a Range of Low-Salinity Plumes®

River Qx10°m3s™") Apkgm 3 h(m) ¢(deg) W,(km) c(ms ) R,(km) a S,
Amazon® 204 7 10 2 250 0.81 81 31 20
Sepik® 7 24 15 4 75 0.59 59 13 30
Congo/Nyangad 40 75 15 6 110 0.32 21 52 25
Zambezi® 34 33 8 18 35 0.5 11 32 08
Pear! (high)’ 8.7 20 5 22 70 0.98 18 39 05
Pear! (low)’ 29 33 3 22 20 0.31 5.7 35 0.1
Tsengweng 0.06 0.8 2 23 23 0.12 22 1 0.1
Mississippi” 16.8 5 5 29 50 0.5 7 71 08
Mekong (high)' 39 8 5 34 45 0.61 76 59 02
Mekong (low)' . 16 8 2 34 25 0.39 4.8 52 01
Chesapeake Bay’ 2.2 33 5 37 10 04 45 22 004
Delaware® 0.31 5 7 39 20 0.58 7 29 0.15
Llobregat' 0.05 16 2 M 56 0.18 18 31 04
Rhone™ 2 33 7 43 25 0.47 48 52 08
Danube” 6.3 7 8 445 20 0.73 7.2 28 03
Columbia® 7.6 3 10 46 40 0.53 5.1 78 10
RhineP 23 2 5 52 20 03 27 74 003
Mersey? 0.13 15 10 53 15 0.38 33 45 002
MacKenzie" 10 8 6 69 25 0.68 5 5 0.2
Yenisei/Ob® 32 13 15 73 50 14 10 5 001

¥Most parameters are taken from studies that present sufficient observational data or well-verified model data to
determine stratification and plume width, allowing c, R;, a,and S, to be calculated.

Geyer et al. [1996].

“Higgins et al. [2006].
Denamiel et al. [2013].

®Nehama and Reason [2014].

Dong et al. [2004].

ILiu et al. [1999].

“Rabalais et al. [2002] and Schiller et al. [2011].

!Hordoir et al. [2006].

JRennie et al. [1999].

¥Whitney and Garvine [2006].

Liste et al. [2014].

MEstournel et al. [2001].

"Moebius and Daehnke [2015].

®Hickey et al. [2005].

IL’Simpson et al. [1993].

9polton et al. [2011] and Sharples and Simpson [1993].

"Mulligan et al. [2010].

$Zatsepin et al. [2010].

with o the bottom water salinity and Asthe salinity stratification. We can illustrate this with estimates of vand
¢ for a range of river discharges. The river Rhine is an example of a low discharge, temperate river (Table 2).
The Rhine has a mean river discharge of 2000m>s~", about 60% of which flows through the Nieuwe
Waterweg with a width 2 km and mean depth 15 m. With As~2.5 and sy~ 32 [Simpson et al., 1993] equation
(4) suggests a mean v~ 0.5m s, which compares to ¢c~0.3ms~' (Table 2). An example toward the other
extreme of freshwater discharge is the Mekong during the wet season (Table 2), a low-latitude river with a
discharge of 35,000m3s™" through a mouth of width about 30 km and h~ 5 m [Hordoir et al., 2006]. Using
As~12 and so~ 20 just outside the estuary mouth [Hordoir et al,, 2006], equation (4) suggests v~ 04ms™".
The appropriate estimate of c(Table 2) is 0.61ms™". Finally, considering an Arctic river in full flood, the
MacKenzie River has a peak discharge approaching 30,000 m®s™", with a mouth of width 10 km, mean depth
10 m, As~ 10, and so~32 [Carmack and MacDonald, 2002]. This yields v~1.0ms~', compared to c~0.9ms™"
(Table 2). Thus, even for the case of a high flood discharge, it is unlikely that v >> c. These examples are con-
sistent with a general observation that estuarine flows have Froude number, ¥/, less than or equal to 1, and
hence, the condition v >> c is rarely met.

We now consider the possibility of the buoyant plume remaining attached to the seabed, which could
undermine our analyses by widening a narrow buoyancy current so that it reaches beyond the shelf

SHARPLES ET AL.
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break. Theoretical analysis [Yankovsky and Chapman, 1997] suggests that a plume originating from a
buoyancy source at the coast of width L and depth h; will remain attached to the bed out to a depth of

1
2Lvh A 2
hy = ( z L') (5)
g
Noting that the cross-section area A = Lh; and substituting for v using equation (4) yields
he — 250Q 'z ©)
b= gas
Thus, the freshwater discharge required for the plume to remain attached to a depth hy is
Asg h?
=259 @)
ZSof

Based on the data in Table 2, and assuming that the density contrasts are dominated by salinity, the
range of %, is about 1-30, with an average of about 7, and mean g =0.06 ms 2 For a midlatitude plume
(f~5x107°s™") to remain attached to the seabed out to a depth of h, =50 m, equation (7) suggests that the
discharge Q needs to be ~2x 10° m3s~’, i.e,, similar to the Amazon discharge. While strong discharges from
a river mouth may be able to keep the plume attached to the seabed and so reach farther offshore than we
might predict using the simple scaling with R/o, it is not feasible for the plume to remain attached out to the
continental shelf edge (depths typically >50 m). Hence, if our internal Rossby radius consideration predicts
that a plume is confined to the shelf, including potential bottom attachment cannot switch the plume to
one that reaches beyond the shelf edge.

Finally, river discharge with a mouth wider than the internal Rossby radius can drive a plume to several times
R’o [Narayanan and Garvine, 2002]. In our analyses the most likely region for this to occur is over the relatively
narrow shelf of the Canadian Arctic, where the high latitude results in a small internal Rossby radius of 3-5 km
and our analyses would suggest that riverine water is confined to a plume on the shelf. The mouth of the
MacKenzie River has a width of about 4R;, with theoretical analyses [Narayanan and Garvine, 2002] suggest-

ing that the plume can reach 5 times R’O. The shelf width here is typically 50-150 km, so that despite the
increased plume width, the river water would still be confined to the shelf.

2.1.2. Observed Plume Widths and the Shelf Width

We now take an empirical approach to estimating a useful scaling of plume parameters and of plume widths

based on the local R;. We aim to provide useful global mean values ofc = \/g'handa = Yo We also quantify
0

the variabilities in ¢ and a, which are used to yield uncertainty estimates for our calculations of DIN and DIP
export to the open ocean. An analysis was carried out on 20 low-salinity plumes, where sufficient data exist to

calculate cand R; and to assess the observed plume width to quantify a local value of a, covering a full lati-
tudinal range and including low and high discharge rivers (Table 2). The results give a globally averaged ¢ =
0.53 (0.36-0.63) ms~ ' and plume width described by a =4.3 (3.1-5.4), where the numbers in brackets are the
95% confidence intervals calculated using a bootstrapping method [Efron and Gong, 1983]. Subsequent ana-
lysis for residence times and DIN and DIP export to the ocean will be based on the mean values for ¢ and
plume width; the 95% confidence intervals will be used to provide an assessment of the effect of global varia-
bility in plume characteristics on our results. It is perhaps surprising that the range of values for cis so limited
and that there is a viable global mean value for ¢. However, once a low-salinity plume has exited onto the
shelf, there is a limited parameter space available for Ap and h. While the stratification ranges between about
1and 20kgm ™3, very strong stratification is less common and in the calculation of ¢ a high Ap can be com-
pensated for by low value of h.

For each river mouth in the NEWS database the shelf edge was identified, based on assessing where the
seabed gradient increased marking the top of the continental slope, in the General Bathymetric Chart of
the Oceans 08 gridded global bathymetry [General Bathymetric Chart of the Oceans, 2008]. The distance,

W, between river mouth and shelf edge was calculated. The estimates of plume width (W, = aR; using

SHARPLES ET AL.
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Figure 2. (a) Average ratio of plume width to shelf width (Sp). (b) Uncertainties in S, based on the 95% confidence intervals
incand a.

mean values of cand &) were compared to the local shelf width to produce a global map of the ratio of plume
width to shelf width:
Wp

Sp:Ws

(8)
(Figure 2a). Values of S, > 1are mainly confined to latitudes within 20° of the equator as a result of the strong
influence of fon R;,. The effect of narrow shelves can be seen to increase S, for instance, along western North
and South America, in the Mediterranean, and in southeast Africa (Figure 2a). Applying the 95% confidence
limits to cand g, the region of high S, not surprisingly tightens in latitudinal range for the lower limits of cand
8, while at the higher limits areas around the globe with narrow shelf widths shift toward high S, (Figure 2b).
2.1.3. Estimating Residence Time on the Shelf

The requirement now is for a global map of plume residence time on the continental shelves. We want to
quantify the average time it takes water leaving an estuary mouth to cross the shelf break and enter the open
ocean. Conceptually, this is similar to calculating the amount of time a river discharge takes to replace the
freshwater fraction on the shelf; i.e,, the Land-Ocean Interactions in the Coastal Zone method that is primarily
useful for well-defined semienclosed shelf regions [Huthnance, 2010]. If S, > 1, the low-salinity plume reaches
beyond the shelf edge into the open ocean, and the residence time of water over the shelf is assumed to be
governed by the cross-shelf transport mechanisms within the buoyant plume. Alternatively, if S, < 1, then
the low-salinity water will be confined on the shelf within the coastal buoyancy current; plume water will
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be gradually stirred into the shelf water and eventual exchange with the open ocean will be controlled by the
processes that govern ocean-shelf exchange across the shelf break.

For a wide plume that reaches beyond the shelf break (S, > 1) we consider three processes that can drive
plume water offshore:

1. A weak residual cross-plume flow, Ves, is @ common feature of low-salinity plumes, ranging from a few
centimeters per second in midlatitude plumes [e.g., Gelfenbaum and Stumpf, 1993; Hickey et al., 2005;
Narayanan and Garvine, 2002; Souza et al, 1997] to 20-30cms™ ' in the Amazon plume [Geyer et al,,
1996). We use minimum and maximum values for Vyes of 5 and 25 cm s~ and calculate a residence time
as the transport time between the coast and the shelf edge at speed Vres.

2. Horizontal dispersion will transport material along gradients within the plume, at a rate governed by the
horizontal dispersion coefficient, Ky (m2s~ ). Values for K}, in shelf seas vary between about 100 and
600 m2s~" [e.g., Houghton et al., 2009; Sanders and Garvine, 2001]. Larger values of K}, are associated with
longer experiments where drifters or dye can be affected by large-scale eddy motions. These longer time
scales are more appropriate to the problem of plume residence time, so we use Kj,~500m?>s™". Noting
that a dispersive process results in a patch size over a time t of ~/Kjt, we estimate residence time as ~
"2, .

3. An efficient mechanism for transporting plume water away from the coast is wind-driven Ekman transport
when the wind direction has a component driving coastal upwelling [e.g., Munchow and Garvine, 1993].
This process will be strongly regional. We have quantified this globally using the Southampton
Oceanography Centre climatology of wind stress forcing [Josey et al., 2002]. For each river mouth the local
annual mean wind stress direction was compared to the direction of the shelf break, and the cross-shelf
break Ekman transport, Eg (m?s™ "), calculated as

Tsb

Eex = —; ©)
Bk = o f

with zgp (Nm™2) the component of wind stress parallel to the shelf break (Figure 3). In areas where the
Ekman transport induces upwelling (positive Egy in Figure 3) a plume transport time scale over the shelf
break was calculated as hWS/EEk, with the plume depth h taken as the mean of the plumes in Table 2.

For a plume confined to the shelf (S, < 1), we consider physical processes controlling exchange across the
shelf break as the determinant of residence time. These processes vary considerably in different shelf regimes
[e.g., Huthnance, 1995], and with the exception of wind-driven Ekman exchange, it is difficult to quantify the
varying exchange rates globally. We take the following approach:

1. Exchange by wind-driven Ekman transport is quantified for all outflows as in Figure 3. We assume that the
longer residence times associated with shelf-constrained plumes result in much of the plume water being
dispersed throughout the depth of the shelf sea. Thus, the relevant transport is taken to be the absolute
value of the Ekman transport, | Egk|; i.e., both upwelling and downwelling transports result in exchange of
shelf water containing riverine material with the open ocean, and we assume that there is sufficient con-
trast in the strength and timing of upwelling and downwelling events to prevent resupply of previously
exported water.

2. In addition to wind-driven exchange, there is a variety of other processes that are more difficult to quan-
tify, such as exchange through the Ekman layers of slope currents, internal tides, and eddy and filament
exchange. An analysis of these processes along the subtropical and subpolar shelves of the NE Atlantic
provides typical values [Huthnance et al., 2009]. Using estimates from 10 shelf regions [Huthnance et al.,
2009], we add a mean nonwind-driven exchange contribution of Eg =1.7 m?s~" to the local wind-
driven Ekman exchange and use the 95% confidence intervals (3.2 and 0.7 m?s ™) to investigate the likely
effects of uncertainty in shelf-ocean exchange.

hsWs

For the shelf-confined plume we estimate residence time as (s *Zex), with hs the mean shelf depth (taken to be
half the depth of the local shelf edge).

For both types of plume we first determine an average S, for the shelf local to each river in the NEWS data-
base. A mean riverine water residence time on the shelf, T, is then calculated based on S, and average trans-
port and exchange rates described above appropriate to whether S, is greater than or less than 1 (Figure 4a).
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Figure 3. Global pattern of annual mean cross-shelf break wind-driven Ekman flux. Off-shelf, or upwelling, fluxes are
positive.

Uncertainties in T,es (Figure 4b) use the 95% confidence limits for ¢ and a to yield maximum and minimum
values for S,. A lower limit to T, uses the maximum S, and the fastest transport and exchange rates for
the plume type; an upper limit to T, uses the minimum S, and slowest transport and exchange rates.
Thus, the lower estimates of T, arise from wide plumes combined with efficient cross-plume transport or
rapid ocean-shelf exchange. The higher estimates of Ty arise from narrow plumes and weak cross-plume
transport or ocean-shelf exchange.

The results of our calculation for the residence times compare well with available observations of residence
times on a wide range of shelves and over a range of T, from 1 week to >1 year (Table 3). There is a large
range of T,,. The latitudinal distribution of T, is primarily controlled by the Coriolis parameter, f, influenced
by the distribution of shelf widths causing contrasts in T, between the eastern and western coasts of North
America, South America, and southern Africa. The global variability in Ekman exchange has a smaller effect,
localized around strongly upwelling-favorable coasts (Peru, NW Africa, and NE South America). The results
indicate that, in general, low-latitude riverine discharges will reach the open ocean quickly (in a few to tens
of days). There is also a contrast between Northern and Southern Hemisphere shelves, reflecting the wide
shelves found at high northern latitudes. The longest residence times (time scales of a year or more) occur
on the wide shelves in middle to high northern latitudes, while narrower midlatitude shelves in the
Southern Hemisphere have residence times of 1-3 months. In the Northern Hemisphere the main deviations
from this north-south contrast are the shelf of western North America and the shelves around Greenland and
the Canadian Arctic, where narrow shelves lead to short residence times. In the Southern Hemisphere the
main deviations from the north-south contrast are in southwestern South America and southeastern Africa,
where residence times are calculated to be less than 1 month, again as a result of narrow shelves. The uncer-
tainties in these residence times (Figure 4b) can be up to a factor of 2 or 3 away from the mean T, though
the pattern of very short residence times at low latitudes is consistent.

2.2. Residence Time and the Processing of DIN and DIP on the Shelf

Having calculated a global pattern of plume water residence time, along with its uncertainties, and demon-
strated that our calculations are consistent with observed residence times, we can now apply this knowledge
to the problem of nutrient export from continental shelves. A range of biogeochemical processes affect the
rate of turnover of nitrogen and phosphorus in aquatic systems, leading to characteristic time scales of
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Figure 4. (a) Average residence time (T es) on the continental shelf. (b) Uncertainties in Tres based on the 95% confidence
intervals in ¢ and plume width and uncertainties in cross-plume and cross-shelf break exchange rates.

biogeochemical process and the cycling of nutrients (dissolved inorganic, dissolved organic, or particulate
form) and organic carbon. Phytoplankton and fixed dissolved inorganic nitrogen stocks in midlatitude
shelves typically turnover on time scales of ~1week and ~6weeks, respectively [Fennel et al., 2009;
Middelburg and Soetaert, 2004], indicating that nutrients are involved in an intensive phytoplankton uptake,
deposition, and (sediment) remineralization loop with a time scale of less than 2 months. This nutrient recy-
cling may not provide a permanent sink for P if there is no active depocenter for particulate organic matter
within a particular shelf system. However, in the case of nitrogen, part of the nitrogen regenerated in sedi-
ments is transformed into dinitrogen gas and lost from the marine system by processes such as denitrifica-
tion and anaerobic oxidation of ammonium (anammox). These nitrogen gas production rates in
continental shelf sediments vary widely but typically are ~2mmolNm~=2d~" [Fennel et al, 2009;
Middelburg and Soetaert, 2004]. Taking a shelf water depth of 50 m and a nitrate concentration of 10 uM, this
suggests that it would take ~250 days to remove all of the nitrate. So if the residence time of water on the
shelf is several months, such as in the middle to high latitudes (Figure 4a), then we would expect that nitrate
removal by denitrification and anammox will be effective. Alternatively, in low-latitude regions where we cal-
culate residence times of less than 1 month, we would expect little removal of nitrate before the water is
exchanged with the open ocean. We have assumed here, and throughout our analyses, that processing time
scales on the shelf are independent of latitude, an approach consistent with the relationships between DIN
and DIP removal and residence time [Nixon et al., 1996; Seitzinger et al., 2006].
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Table 3. Observed Residence Times of Water on Continental Shelves

Along With the Estimate Based On the Calculation of Tyes (Figure 4a)?

Observed Residence

Empirical  relationships for the
removal of DIN within a system
[Seitzinger et al., 2006] and the export

Coastal Regi Ti T, .
oastal Region 'me res of DIP from a system [Nixon et al.,

North geab ~1year 0.4-1year 1996] are reproduced in Figure 5.
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New Jersey® 1-7 weeks 2-8 weeks . 9 99 .
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Monterey Bay' ™ 1-2 weeks 1-4 weeks dence time T es (months) by
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— B 0,

East China Sea® 1year 0.5-1 year Nrem = 23'97(265 % (10)
Gulf of CarpentariaI ~1year 3 months to

1 year with an uncertainty, based on the
Great Barrier shelf, 1-4 weeks 2-6 weeks root-mean-square deviation about

Australia™ 0
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Laptev shelf® >1year 1-2 years proportion of DIP exported from

@0bserved residence times are based on one or more of the following:

a system, P, the fit in Figure 5b

changes in along-slope water properties, variance in cross-slope flows, or provides
tragks of drifting buoys.
cJ. M. Huthnance [1997]. Pexport = 80.5
dJ. M. Huthnance et al. [2009]. —13.8INTes % (11)
J. M. Huthnance et al. [2002].

fGong et al. [2010].
W. S. Moore [2007].

9Weingartner et al. [2005].
hBreaker and Broenkow [1994].
'Atkinson et al. [2002].

Jk W. S. Moore and de Oliveira [2008].
| Ren et al. [2006].

Condie [2011].

MChoukroun et al. [2010].
"Gersbach et al. [1999].

CEicken et al. [2005].
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100 -

with an uncertainty of +14%. To
make the DIN and DIP equations con-
sistent, we also deal in the percen-
tage of DIN exported from a system
and so write

Nexport =100 — Nrem % (12)
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Figure 5. (a) Proportion of DIN processed in aquatic systems as a function of residence time [after S Seitzinger et al., 2006]
(with permission from John Wiley & Sons). The circled point is a representative continental shelf identified in Seitzinger et al.
[2006]. (b) Proportion of DIP exported from aquatic systems as a function of residence time [after Nixon et al., 1996]
(with permission from Springer).
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Figure 6. (a) Proportion of riverine DIN exported to the open ocean. (b) Uncertainties in export % based on uncertainties in
Tres (Figure 4b).

3. Results

Using estimates of the relationships between inorganic nitrogen and phosphate export and residence time
(Figure 5) [Nixon et al., 1996; Seitzinger et al., 2006] equations (11) and (12), combined with our own estimates
of residence time on the shelf (Figure 4), we calculated the percentage of DIN and DIP from each riverine source
that is exported from the shelf system into the open ocean (Figures 6 and 7). The plots of uncertainty ranges in
the DIN (Figure 6b) and DIP delivery (Figure 7b) are based on the minimum and maximum values of T
in Figure 4b. We acknowledge that there are additional substantial uncertainties in the relationships in
Figure 5 and the exact relationship between removal and residence times requires further study. There are
other more complex relationships to describe the rates of denitrification and its global range. For instance,
the elegant study of Bohlen et al. [2012] requires estimates of sinking particulate organic carbon flux and
bottom-water oxygen concentrations and as such is suitable for the global analysis of the magnitude of deni-
trification. It also implies a strong dependence on residence time. However, the data required to apply the
Bohlen approach to shelf seas in the way we do here are not yet available. When it becomes available, it could
be merged with the physical characterization included here to further improve estimates of shelf denitrification.
A MATLAB function that calculates T,es, Sp, Nexport; and Pexport Using our approach is available with this paper.

While the tropical and subtropical rivers tend to be most important for nutrient delivery, there are some significant
proportions of riverine nutrients reaching the open ocean at temperate and high latitudes, for instance, off north-
western North America, southwestern South America, the Canadian Arctic, and Greenland. For the minimum of the
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Figure 7. (a) Proportion of riverine DIP exported to the open ocean. (b) Uncertainties in export % based on uncertainties in
Tres (Figure 4b).

uncertainty range (left panel in Figures 6b and 7b), where the analysis is based on conditions strongly limiting river
plumes to the shelf with weak cross-plume and cross-shelf break transports, the region of high-nutrient delivery col-
lapses onto the low latitudes. For the maximum of the uncertainty range (right panel in Figures 6b and 7b), with the
widest river plumes and efficient cross-plume and cross-shelf break transports, nutrient delivery becomes almost
uniformly high globally, with the Russian Arctic having the highest on-shelf processing of nutrients. Note that while
we have assumed that processing of DIN is independent of latitude, in practice, denitrification and related ana-
mmox rates are dependent on temperature [Rysgaard et al., 2004]. Our analysis suggests that nitrate retention will
be more efficient at higher latitudes because of increased residence times associated with the Coriolis constraint on
the width of the coastal buoyancy current. A decreasing rate of denitrification with cooler temperature at higher
latitudes will act to offset this effect. Our range of residence times is greater than a factor of 50 (Figure 4), which
results in a factor of about 2 change in nitrogen processing on the shelf (Figure 5a). The effect of a 10°C change
in temperate on rates of anammox and denitrification is also a factor of 2 [Rysgaard et al, 2004]. As anammox
and denitrification are only part of the suite of processes affecting nitrogen, we would expect the latitudinal tem-
perature range to have some effect on DIN processing but still leave a significant Coriolis-driven pattern. Also,
the data used in the relationship in Figure 5 are taken from a range of systems between the subtropical and sub-
polar latitudes and so the effects of temperature are probably one of the sources of scatter in the relationship.

The global mean proportions of DIN and DIP that reach the ocean are 76% (minimum 72% and maximum
80%) and 79% (minimum 69% and maximum 85%), respectively. About half of the total range in the analysis
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Figure 8. (a) DIN exported to the open ocean on a 5° x 5° global grid. (b) Uncertainties in DIN export based on uncertainties
in Tres (Figure 4b). Note that these values do not take into account processing of riverine DIN within estuaries.

(Figures 6b and 7b) results from the range in the shelf-ocean exchange, Eg,. Considering the effect only of the
95% confidence intervals for c and g, both of the mean proportions of nutrient supply change only by +1%.
The largest source of random error in the results lies with the regressions used to empirically link residence
time to DIN and DIP processing, as described earlier.

If we ignore the processing of nutrients within estuaries and treat the nutrient loads in the NEWS 2 database
[Mayorga et al., 2010] as representing the upper bound of the amounts of DIN and DIP exiting estuaries onto
the shelf, then we can estimate DIN and DIP supplies to the open ocean (Figures 8 and 9, with supplies cal-
culated on a 5°x 5° global grid). The latitudinal pattern is still evident, driven now both by a tendency for
large nutrient load rivers to be at lower latitudes and the latitudinal change in how efficiently plume water
is exchanged with the open ocean, with the latter also influenced by the global pattern in shelf width.
Major river sources at low latitudes are clear (e.g., the Amazon and rivers in Southeast Asia), but there are also
significant sources at higher latitudes, notably the Mississippi (ranked fourth in N load globally) and the St.
Lawrence (ranked tenth) in North America and the Parana in South America (ranked seventh).

4. Discussion and Conclusions

Despite the difficulty in addressing riverine nutrient delivery from over 6000 rivers globally to the open
ocean, we have made robust estimates of the proportion of DIN and DIP that could reach the open ocean.
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Figure 9. (a) DIP exported to the open ocean on a 5° x 5° global grid. (b) Uncertainties in DIP export based on uncertainties
in Tres (Figure 4b). Note that these values do not take into account processing of riverine DIP within estuaries.

Our approach uses a scaling for the stratification and width of low-salinity buoyancy currents in coastal
waters, providing global means with confidence intervals based on a sample of published studies on plumes.
Comparing the buoyancy current width with the width of the local continental shelf determines whether
within-plume transport processes or processes at the shelf break control the transfer of riverine material to
the open ocean. Using estimates for these transport and exchange processes, along with their uncertainties,
has allowed us to estimate residence times of riverine water on the continental shelves. These residence
times were used with empirical relations to estimate the proportion of DIN and DIP that might leave the shelf
and enter the open ocean. Finally, the global distribution of inputs of DIN and DIP to the open ocean was
calculated, based on the proportions expected to be transferred across the shelf and the riverine DIN and
DIP loads in the NEWS 2 database. Comparing the globally integrated riverine DIN and DIP deliveries with
our calculations of the global amount of DIN and DIP reaching the ocean results in an average removal of
25% DIN and 19% DIP on the shelf, which will be augmented by estuarine retention. This suggests that
significant quantities of riverine dissolved nutrients reach the open ocean. Of the 23 Tg DIN that are delivered
to the land-ocean interface every year, 6 Tg are retained on the shelf and the other 17 Tg are delivered to the
open ocean. Similarly, of the 1.6 Tg DIP delivered by rivers, 0.4 Tg are estimated to be retained on the shelf
and 1.2Tg reaches the open ocean. This DIP estimate could be an underestimate if there is extensive
phosphorus release in estuaries [Froelich, 1988] although this is not universally true of all estuaries [Prastka
et al., 1998].
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Figure 10. (a) Distribution of freshwater discharge (solid line) and the number of rivers (dashed line) within 10° latitude bands.
(b) Riverine supply of DIN (dashed line) and percentage exported to the open ocean (solid line). (c) Riverine supply of DIP
(dashed line) and percentage exported to the open ocean (solid line). In Figures 10b and 10c the bold solid line is the mean
and thin solid lines show the uncertainties.

The latitudinal patterns and uncertainties are summarized by integrating the discharges and the proportions
of nutrient reaching the open ocean in 10° latitudinal bands (Figure 10). The Amazon not surprisingly domi-
nates the freshwater discharge, but it is also clear that freshwater supply to the shelf tends to be skewed to
the Northern Hemisphere driven by the global distribution of land and by relatively small discharges from a
large number of rivers (Figure 10a). DIN input is also skewed north as a result of higher loads in rivers draining
more developed economic regions (e.g., NW Europe). There is a latitudinal effect on the export of DIN and DIP
from the shelf system (Figures 10b and 10c), ranging between 70% and 80% for DIN and between 70% and
90% for DIP. The high proportion of exported DIN and DIP at low latitudes occurs in regions where the riverine
supply of DIN and DIP is largest (Figures 10c and 10d), onto narrow shelves and where the width of buoyant
plumes will be greater. The relatively short residence time of water over the shelf limits the scope for biogeo-
chemical processing of the nutrients. This largely explains why our results are insensitive to variability in the
internal Rossby radius and the ratio between plume width and internal Rossby radius. Even using conditions
that constrain more plumes on the shelf, most of the major sources of DIN and DIP are at low latitudes and still
have plumes that extend beyond the shelf break. The efficient delivery of nutrients to the open ocean by tro-
pical rivers could magnify recent and anticipated increases in tropical nutrient loading on ocean productivity.

The uncertainties in the proportions of nutrients exported are typically +5% for DIN and +5-10% for DIP
(Figures 10b and 10c). Given the assumptions and resulting uncertainties in T, in our analyses, these uncer-
tainties in exported nutrients perhaps appear small. This is so because changes in T, need to be quite large
in order to make a significant shift in the proportion of DIN or DIP reaching the ocean as calculated using the
results of Figure 5; the range of residence times of plumes on the continental shelves is quite small compared
to the total range of residence times in the aquatic systems used to generate Figure 5. The main sources of
the uncertainties in Figure 10 are the wide range of cross-plume and cross-shelf break exchange rates used in
the analyses. The other important source of uncertainty not included in Figure 10 arises from the equations
fitted to the data in Figure 5, typically +-15% in the proportions of DIN and DIP processed on the shelf.

It is perhaps surprising that our results suggest that high proportions of riverine DIN and DIP could reach the
open ocean unmodified by shelf biogeochemistry, counter to the assumption that rivers are inefficient sup-
pliers of nutrients beyond the shelf break [e.g., Duce et al., 2008]. Assuming a high residence time for water on
a continental shelf of almost 1 year (e.g., the circled point in Figure 5a) [Seitzinger et al., 2006], then about 45%
of DIN is processed on the shelf. Our analysis takes this further by suggesting that using such a shelf residence
time as a global average would be incorrect (Figure 4a and Table 3), as continental shelves, particularly at low
latitudes, can have much shorter residence times. While the more efficient nitrate removal at middle and high
latitudes is consistent with the argument for effective processing of nitrogen in the shelf system [Seitzinger
et al., 2006], applying that argument globally will miss these key differences between low- and high-latitude

systems associated with R, and shelf width.
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Table 4. Distribution of Riverine DIN and DIP Supplies to the Major Ocean Basins®

Dissolved Inorganic N (Tg yrq) Dissolved Inorganic P (Tg yrq)

Basin Total West East Total West East
North Atlantic Ocean 4.5 2.7 1.8 033 0.19 0.14
South Atlantic Ocean 1.8 1.5 0.3 0.18 0.17 0.01
North Pacific Ocean 4.5 4.1 0.4 0.28 0.26 0.03
South Pacific Ocean 0.9 0.7 0.2 0.10 0.08 0.02
Indian Ocean 44 0.8 36 0.27 0.05 0.23
Arctic 0.3 0.01

Mediterranean 0.4 0.07

*Note that these supplies do not account for processing in estuaries and so should be viewed as upper bounds.

Our global map of nutrient supply to the open ocean may be modified on seasonal time scales. In temperate
regions, dissolved inorganic nutrients (nitrate, ammonium, phosphate, and silicate) are readily consumed by
phytoplankton in the growing season (typical time scales of weeks to a few months) and upon settling the
particulate detritus will be trapped at least temporarily in shelf sediments or bottom waters. Indeed, our ana-
lyses could be inverted to produce an estimate of riverine DIN and DIP available for primary production on
the shelf, though noting that this would be a maximum estimate as some of the nutrient would be lost via
other processes (e.g., denitrification and particle-water interactions). The phytoplankton uptake and settling
removal mechanism only operates during the growing season; hence, seasonal variability in biogeochemical
processing of nutrients on the shelf could lead to a seasonal modulation in the fluxes and relative proportions
of nutrients reaching the open ocean in midlatitude and high-latitude systems. We also expect seasonality to
reflect changes in freshwater flows and nutrient concentrations, particularly in Arctic and extratropical areas
and those subject to monsoonal influence.

While we have focused on dissolved inorganic N and P, it is worth considering the implications of our results
for dissolved organic carbon (DOC). Cycling of labile organic carbon in shelf systems is considerably faster
than dissolved N and P. Labile dissolved organic matter is usually degraded with a half-life of about 10 days
[Lonborg and Alvarez-Salgado, 2012], and rates are of the same order for labile riverine DOC in seawater
[Rochelle-Newall et al., 2004]. Hence, outside of the tropical region, most labile DOC delivered to coastal
waters by rivers and produced within them will be consumed on the shelf and not exported to the oceans;
refractory DOC will be exported to the open ocean [Barrén and Duarte, 2015]. Low-latitude rivers are, how-
ever, relatively rich in dissolved organics and dominate riverine organic carbon delivery to the ocean
[Ludwig et al., 1996]. The reduced Coriolis force near the equator means that labile DOC can reach the open
ocean, as observed in the Amazon plume [Muller-Karger et al., 1988], and can contribute to the heterotrophic
metabolic state of low-latitude ocean ecosystems [Duarte et al., 2013].

We have demonstrated that 75% of riverine DIN and 80% of DIP can reach the open ocean but that these sup-
plies are variable depending on latitude, the width of the continental shelf, the riverine nutrient load, and the
exchange of water across the shelf break. Compared to recent estimates of atmospheric deposition of nitrogen
to the oceans [Jickells et al,, submitted], the annual riverine supply of 17 Tg DIN is similar to the total annual
deposition of oxidized N and is about 50% of the total atmospheric deposition of nitrogen. The annual riverine
supply is about 10% of the supply via nitrogen fixation [Jickells et al., submitted]. Our results also indicate impor-
tant basin-scale contrasts in riverine DIN and DIP supply (Table 4), with the western side of the Northern
Hemisphere ocean basins tending to supply more DIN and DIP. These contrasts have implications for the impor-
tance of different nutrient supply routes to the oceans. Riverine N and P supplies tend to occur in different parts
of the ocean compared to atmospheric N deposition or organic P delivery. For instance, relatively high riverine
supplies of DIP in the western North Atlantic contrast with the importance of dissolved organic phosphorus in
the east [Torres-Valdez et al., 2009]. Nitrogen fixation has a bias toward the eastern sides of the major ocean basins
in the Northern Hemisphere [ickells et al., submitted], while riverine DIN is biased to the west of the North Atlantic
and North Pacific. Thus, the amounts of DIN and DIP delivered by rivers to the open ocean, combined with the
spatial variability in the ability of shelf seas to process riverine nutrients, have the potential to alter global ocean
productivity with a magnitude similar to other supply routes that are better quantified in global models. Thus,
riverine nutrient supply needs to be incorporated into global models of nutrient cycling in order to yield more
accurate results beyond assuming that either all or none of the riverine nutrient supply reaches the open ocean.
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While our analysis has focused on dissolved inorganic N and P, the variable shelf retention time will have simi-
lar implications for the transport of other components such as trace metals with similar reactivity and sensi-
tivity to residence times and for the issue of coastal eutrophication and “dead zones" [Diaz and Rosenberg,
2008]. Spatially resolved estimates of nutrient processing on shelves are needed for proper assessment of cli-
mate change-induced modification of the hydrological cycle and sea level. Low sea levels during the last gla-
ciation had greatly reduced shelf width and potentially altered nutrient and carbon delivery to the open
ocean. Current evidence suggests that the ocean nitrogen cycle changed considerably during the most
recent postglacial warming [Galbraith et al., 2013]. In the future, global warming is projected to lead to
increased river discharge at high latitudes [Peterson et al., 2002] and nutrient flows may well increase with
an increasing human population [Seitzinger et al., 2010]. The latitudinal variation of DIN and DIP export will
need to be incorporated into models to allow realistic projections of the future behavior of both oceanic
and coastal ecosystems.
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